This study examined the impact of leucine (Leu) derived from complete meals on stimulation of skeletal muscle protein synthesis (MPS). Expt. 1 examined time course changes in translation initiation and MPS after a meal. Male rats (;300 g) were trained for 5 d to eat 3 meals/d providing 20, 50, and 30% of energy from whey protein, carbohydrates, and fats, respectively. Plasma and skeletal muscle were collected at time 0 (baseline) after 12 h of food deprivation and then at 45, 90, 135, 180, and 300 min after a 4-g meal. Plasma Leu increased at 45 min and remained elevated through 180 min. MPS peaked at 45-90 min and returned to baseline by 180 min. Plasma Leu correlated with phosphorylation of ribosomal protein p70 S6 kinase (r ¼ 0.723; P , 0.05), eukaryotic initiation factor 4E binding protein-1 (r ¼ 0.773; P , 0.05), and MPS (r ¼ 0.608; P , 0.05) over time. Expt. 2 examined 3 levels of protein intake (10, 20, and 30% of energy) from 2 sources (wheat and whey) with different Leu contents (;6.8 and ;10.9%, respectively) on stimulation of initiation and MPS. Rats were trained to eat 3 meals/d providing 14, 56, and 30% of energy from protein, carbohydrates, and fats. On d 6, MPS was evaluated at 90 min after rats consumed 1 of the 6 test meals. Whey protein stimulated initiation and MPS more than wheat and the differential response related to greater plasma Leu responses in the whey groups. These studies demonstrate that peak activation but not duration of MPS is proportional to the Leu content of a meal.
Introduction
Leucine (Leu) is a unique regulator of muscle protein synthesis (MPS) 6 and translation initiation and has been proposed as a key mechanism translating diet quality into the meal response of MPS (1, 2) . Leu alone can stimulate protein synthesis to the same extent as a complete protein or complete mixture of amino acids by activating several factors involved with initiating mRNA translation, primarily through the mammalian target of rapamycin (mTOR) signaling pathway, including ribosomal protein S6 kinase (S6K), and eukaryotic initiation factor (eIF) 4E binding protein-1 (4E-BP1) in a dose-dependant fashion (3, 4) . While Leu's stimulatory effects on MPS and translation initiation have been extensively documented in vivo using purified amino acids, the impact of Leu when consumed as part of intact protein in complete meals is unknown. Further, neither the relationship of Leu in complete meals with the postprandial time course of MPS nor the impact of meals containing isonitrogenous protein sources with different Leu contents on MPS has been investigated.
The time course of MPS in response to an oral dose of free Leu has been previously characterized by Anthony et al. (4) with synthesis peaking from 30 to 60 min after Leu administration and returning to control levels by 120 min. The ability of Leu to stimulate MPS suggests that Leu content may be an important criterion for defining optimum protein quantity and quality for a meal. Low-protein meals (;10 g/meal) with limited Leu content produce minimal increases in plasma Leu in humans compared with higher protein meals (;30 g/meal) (5). It is not well understood whether feeding different Leu amounts as part of isonitrogenous complete meals produces differences in plasma Leu, translation initiation, mTOR signaling, and MPS.
The goal of this study was 2-fold: first, to define the time course of plasma and intracellular Leu concentrations following consumption of a complete meal containing a Leu-rich protein source and to correlate these responses with mTOR signaling, translation initiation factors, and MPS; and second, to assess how meals containing 3 different levels of wheat or whey proteins (10, 20 , and 30% of total energy) with different Leu contents (6.8 and 10.9% Leu, respectively) affect plasma amino acid profiles, mTOR signaling, and MPS.
Materials and Methods
Animals and diets. The animal facilities and protocol were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Illinois at Urbana-Champaign.
Expt. 1 examined the time course of changes in plasma Leu, MPS, and translation initiation factors after a meal. Male Sprague-Dawley rats (300 6 15 g; Harlan-Teklad) were maintained at 24°C with a 12-h-light:-dark cycle and free access to water. Rats were fed diets providing 20, 50, and 30% of energy from whey protein, carbohydrates, and fats, respectively ( Table 1) .
Rats were trained to meal feed using 3 meals/d consisting of a small (4 g) meal consumed between 0700 and 0720 followed by ad libitum consumption of diets from 1300 to 1400 and 1800 to 1900 (5) . Rats consumed ;19 g/d of total diet. After 5 d of meal training, rats were food deprived for 12 h (from 1900 to 0700) and then examined at 6 time points: before the first meal (time 0) and at 45, 90, 135, 180, and 300 min after the 4-g meal. At the indicated times, rats were killed and blood and tissue samples collected. Gastrocnemius, soleus, and plantaris muscles were excised and immediately frozen in liquid nitrogen for later analysis.
Expt. 2 compared the potential of wheat protein and whey protein to stimulate MPS and translation initiation in skeletal muscle at 3 levels of protein intake (10, 20 , and 30% of energy from protein) at 90 min after the test meal, representing the peak level of MPS in Expt. 1. The 2 protein sources were selected to provide the same amount of total nitrogen with different levels of Leu. Leu accounts for ;10.9% of the total amino acids in whey protein and 6.8% in wheat gluten ( Table 2) . Male rats (250 6 12 g) were maintained similar to Expt. 1 except they were adapted to meal feeding using a control diet providing 14, 56, and 30% of energy from whey protein, carbohydrates, and fats, respectively (Table 1) . After 5 d of meal feeding, rats were randomized into either control (n ¼ 7) or 1 of the 6 treatment groups: 10% wheat protein (n ¼ 8), 10% whey protein (n ¼ 8), 20% wheat protein (n ¼ 8), 20% whey protein (n ¼ 8), 30% wheat protein (n ¼ 8), and 30% whey protein (n ¼ 8) (Tables 1 and 2 ). Wheat gluten diets were supplemented with lysine to meet NRI requirements and to approximate whey lysine levels (Table 1) (6). Rats were food deprived for 12 h and then provided a single 4-g test meal from 1 of the 6 experimental diets. The test meals contained ;0, 29, 47, 60, 94, 89, and 142 mg of Leu, respectively, for the control, 10% wheat, 10% whey, 20% wheat, 20% whey, 30% wheat, and 30% whey groups. Rats were killed 90 min after consumption of the meal and blood and tissue samples were collected.
Determination of MPS. Protein synthesis was measured in skeletal muscle using the flooding dose method (7) . A 40% enriched L-[ 2 H 5 ]phenylalanine solution (150 mmol/L; Cambridge Isotopes) was administered at 150 mmol/100 g body weight and injected via the tail vein (1 mL/100g body weight). After 10 min, animals were killed by decapitation and hind limbs quickly removed and immersed in an ice-water mixture. Gastrocnemius, plantaris, and soleus muscles were removed from cooled hind limbs, frozen in liquid N 2 , and stored at 280°C.
Frozen muscle tissue was powdered in liquid nitrogen and protein was precipitated with cold (4°C) perchloric acid (30 g/L, 1 mL/50 mg muscle tissue). The resulting supernatant and protein pellet were prepared for analysis by GC-MS as described previously (8, 9) . The enrichment of L-[ 2 H 5 ]phenylalanine in the muscle hydrolysate was measured by GC-MS using a 6890N GC and a 5973N mass detector (Agilent Technologies). The samples were analyzed under electron impact ionization and in splitless mode, and phenylethylamine ions at mass:charge ratio 106 (m 1 2) and 109 (m 1 5) were monitored for enrichment analysis.
The muscle supernatant was used to determine intracellular free phenylalanine enrichment. Free amino acids were purified by ion exchange resin solid-phase extraction using EZ:faast amino acid analysis sample testing kit (Phenomenex) and We assessed fractional rates of protein synthesis (FSR) from the rate of incorporation of L-[ 2 H 5 ]phenylalanine into total mixed muscle protein as described previously (8 Plasma measurements. Plasma was obtained from trunk blood by centrifugation at 1800 3 g; 10 min at 4°C. Plasma insulin concentrations were analyzed using a commercial RIA kit for rat insulin (Linco Research). Plasma amino acid concentrations were analyzed by HPLC using a Waters 2475 Fluorescence detector (11) .
Quantitation of eIF4E, 4E-BP1ÁeIF4E, and eIF4GÁeIF4E complexes. The association of 4E-BP1 and eIF4G with eIF4E in muscle extracts was examined by protein immunoblot analysis as previously described (6, (12) (13) (14) . Membranes were blotted using a rabbit polyclonal antibody to eIF4E (Santa Cruz Biotechnology), eIF4G (Bethyl Labs), or 4E-BP1 (Bethyl Labs).
Phosphorylation of 4E-BP1 and S6K. Muscle supernatants were subjected to protein immunoblot analysis as described previously (6, (12) (13) (14) using a rabbit polyclonal antibody to 4E-BP1 (Bethyl Labs) and a rabbit polyclonal S6K antibody (Bethyl Labs).
Statistical analysis. All data were analyzed by SPSS 15.0 software package for Windows. We performed a 1-way ANOVA with the postprandial time as the independent variable for Expt. 1. A 2-way ANOVA was performed with treatment group as the independent variable for Expt. 2. When a significant overall effect was detected, differences among individual means were assessed using Fisher's least significant difference post hoc test. Separate comparisons to baseline were made using a t test. All data sets were tested for normal distribution and variance homogeneity using Levene's test. When variances were not homogeneous, means were compared using a Games-Howell test. Correlation between data were determined by linear regression (Pearson correlation). The level of significance was set at P , 0.05 for all statistical tests. Values in the text are means 6 SEM.
Results
Expt. 1. Time course changes in MPS, plasma Leu, and the activity of protein factors involved in regulating mRNA translation were examined at 0, 45, 90, 135, 180, and 300 min in rats after consuming a 4-g complete meal containing 20% whey protein (providing ;94 mg of Leu). MPS increased from 0 to 45 min after the meal and reached peak values at 45 and 90 min postprandial (Fig. 1) . From 90 to 135 min, MPS values decreased significantly and returned to baseline values at 180 min.
Plasma Leu increased at 45 min after the meal and remained elevated through 300 min, with peak values from 45 to 180 min ( Fig. 2A) . Intracellular Leu concentrations changed in a pattern similar to plasma Leu (Fig. 2B) . Plasma isoleucine, valine, lysine, and methionine followed similar postprandial patterns and concentrations returned to baseline by 300 min ( Table 3) .
Plasma insulin concentrations increased significantly at 90 min (Table 3 ) then returned to baseline by 180 min. Plasma glucose did not differ from baseline at any point during the time course (data not shown).
Time course changes in 4E-BP1 and S6K were measured to evaluate the mTOR signaling pathway. Both 4E-BP1 (Fig. 3A) and S6K (Fig. 3B ) phosphorylation increased between 45 min and 180 min. At 300 min, both 4E-BP1 and S6K phosphorylation declined from peak activation; 4E-BP1 did not differ from baseline, whereas S6K phosphorylation remained at ;50% of peak activation.
We evaluated the formation of the eIF4F translation initiation complex by determining the association of eIF4E with eIF4G. Association of eIF4E with eIF4G increased from 90 to 135 min (P , 0.05), tended to be greater at 180 min (P ¼ 0.055), and then had returned to baseline at 300 min (Fig. 3C) .
Changes in MPS were correlated with plasma and intracellular Leu levels during the early postprandial period. From 0 to 90 min after the meal, plasma Leu correlated (P , 0.001) with activation of S6K (r ¼ 0.858), 4E-BP1 (r ¼ 0.802), and MPS (r ¼ 0.782). The correlation of plasma Leu with MPS was less strong from 90 to 300 min postprandial (r ¼ 0.492; P , 0.01). MPS had a weak correlation with plasma insulin over time (r ¼ 0.424; P , 0.01). Expt. 2. Expt. 2 compared the potential of wheat protein and whey protein at 3 dietary levels of protein intake (10, 20, and 30% of energy from protein) to stimulate MPS and translation initiation in skeletal muscle at 90 min representing the peak level of postprandial MPS in Expt. 1. Plasma Leu increased significantly above food-deprived controls in 10% whey but not 10% wheat (Fig. 4) . Within the 10, 20, and 30% protein treatment groups, whey protein produced higher plasma Leu concentrations than wheat, except for the 30% group. Plasma concentrations of isoleucine and valine were also greater in the whey groups compared with the wheat groups, except at the 30% protein level ( Table 4) . Plasma concentrations of lysine, methionine, and threonine did not differ between wheat and whey for any of the groups examined with the exception of methionine, which was significantly lower in the 10% wheat group than in the 10% whey group (Table 4) . Plasma lysine and threonine increased above baseline at the 20 and 30% protein levels (P , 0.05) with no significant difference between whey and wheat.
Phosphorylation of 4E-BP1 (Fig. 5A) and S6K (Fig. 5B ) increased after all test meals. However, whey protein promoted mTOR signaling better than wheat protein at nearly all protein levels.
MPS increased after all meals except the 10% wheat group (Fig. 6) . Consistent with mTOR signaling targets 4E-BP1 and S6K, the main effect was whey protein increased MPS more than wheat protein at equal protein intakes, with the greatest individual differences in the 10% (P , 0.05) and 30% (P ¼ 0.062) protein groups, where whey stimulated MPS 52 and 19% more than wheat, respectively.
Plasma insulin concentrations increased after the meals except for the 10% whey and 20% wheat groups (P , 0.05). FIGURE 4 Plasma Leu concentrations of rats fed complete meals containing either wheat or whey at 3 different total protein contents (10, 20, or 30% of energy). Data are means 6 SEM; n ¼ 7-8. Labeled means without a common letter differ, P , 0.05. All fed groups except 10% wheat differed from baseline, P , 0.05.
Peak values were obtained in the 20% whey and 30% wheat groups (Table 4) .
Discussion
These experiments evaluated time course changes and peak activation in MPS, mTOR signaling, and changes in plasma amino acids in response to nutritionally complete meals with the purpose of determining the contribution of Leu to directing postprandial changes in MPS. The major conclusion of this work is that Leu is the primary factor directing postprandial mTOR signaling and peak stimulation of MPS, but the duration of the meal response in skeletal muscle is influenced by factors in addition to Leu concentrations. Expt. 1 examined the time course of MPS after a meal containing 20% of energy from whey protein. MPS increased above baseline levels by 45 min with a peak value at 90 min and returned to baseline at 3 h postprandially. Previous research using purified amino acids demonstrated a more rapid MPS response that peaked at 45 min and returned to baseline by 2 h (3,4,15) . Thus, feeding a complete meal appears to both delay and prolong MPS in skeletal muscle compared with oral intake of Leu or essential amino acids (EAA) (3, 4) .
These results provide support for the role of Leu as a key trigger for postprandial stimulation of MPS after a complete meal but indicate that elevated plasma Leu is not sufficient to produce sustained elevations of MPS. The cause of MPS becoming refractory to plasma Leu could not be explained by the mTOR targets 4E-BP1 and S6K, because they remained activated at 180 min postprandial. Likewise, the rate-limiting step of eIF4F assembly, eIF4E binding to eIF4G, is increased above baseline at 135 min, a point at which MPS is decreasing from peak activation.
The mechanism for the postprandial decline in MPS with elevated Leu is unknown (16) . Layman and Wisont (17) demonstrated that Leu infusion in rats stimulated MPS but prolonged infusion-depleted plasma valine and isoleucine in Values are means 6 SEM, n ¼ 6-8. Main effects for wheat vs. whey were significant. Labeled means without a common letter differ, P , 0.05. 2 12-h food-deprived control.
FIGURE 6
Rates of protein synthesis in gastrocnemius muscle of rats fed a complete meal containing either or whey at 3 different total protein contents (10, 20 , or 30% of energy). Data are means 6 SEM; n ¼ 7-8. Labeled means without a common letter differ, P , 0.05. All fed groups except 10% wheat differed from baseline, P , 0.05.
FIGURE 5
Phosphorylation states of 4E-BP1 (A) and p70S6K (B) in gastrocnemius muscle of rats fed a complete meal containing either wheat or whey at 3 different total protein contents (10, 20 , or 30% of energy). Data are means 6 SEM; n ¼ 7-8. Labeled means without a common letter differ, P , 0.05. All fed groups differed from baseline, P , 0.05.
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proportion to the rate of substrate use for MPS. Coinfusion of valine and isoleucine prevented plasma depletion. Likewise, Escobar et al. (18) reported that Leu infusion in neonatal pigs depleted plasma EAA coincident with a decline in MPS. These investigators found that infusion of a complete mixture of EAA maintained MPS. Contrary to these findings, Bohe et al. (16) documented the refractory nature of skeletal muscle to elevations of amino acids during a 6-h infusion of a complete mixture of EAA. The infusion produced constant elevations in plasma EAA; however, the synthetic response lasted only 2 h and was unable to be further stimulated by infusion of additional EAA during the 6-h period. Likewise, in the current study, the refractory response to Leu occurred without a parallel decline in other EAA. Another potential mechanism for the refractory response may include plasma insulin. Insulin is not required to stimulate protein synthesis in adults, but it does optimize the MPS response of muscle to amino acids (4, 19) . Bohe et al. (16) found that that plasma insulin time course somewhat paralleled the decline in MPS. Based on this, an elevation in insulin is perhaps necessary to sustain the anabolic response of MPS associated with elevated plasma Leu. If insulin contributes to the duration of MPS in the current study, the mechanism appears to be independent of insulin's effects on translation initiation, because phosphorylation of 4E-BP1 and S6K remained elevated at 180 min, whereas MPS and plasma insulin declined to baseline. The correlation of plasma insulin with MPS was significant over the time course but less than the correlation between Leu and MPS. Insulin also stimulates peptide elongation in skeletal muscle (20) . Changes in plasma insulin concentrations may contribute to the refractory period of MPS through changes in peptide elongation. Taken together, current information is insufficient to explain why skeletal muscle becomes refractory to the anabolic effects of elevated amino acids.
Expt. 2 examined responses of translation initiation and MPS to isonitrogenous meals with different Leu contents. MPS and translation initiation are known to respond in a dose relationship to Leu administration (3,4), but to our knowledge, this was the first experiment to explore dosing Leu as a component of different protein sources in complete meals. Overall, whey protein with high Leu content was superior to wheat protein in initiating MPS in rats fed complete meals. These findings are consistent with a previous report showing that whey protein fed after exercise stimulated mTOR signaling to a greater extent than soy protein (12) .
In accordance with the Leu contents of wheat and whey protein, plasma levels of Leu were greater at every level of protein intake for animals fed whey compared with wheat protein. Interestingly, feeding rats the 4-g meal containing 10% wheat protein (;29 mg Leu) did not increase plasma Leu levels. Consistent with the plasma data, 10% wheat did not stimulate MPS. Conversely, feeding a meal containing 10% whey (;47 mg Leu) almost doubled plasma Leu levels and stimulated MPS above baseline, suggesting a minimum threshold of Leu intake to increase plasma Leu concentration and initiate MPS after 90 min. Further, at 10% protein intake, 4E-BP1 and S6K were phosphorylated to a greater extent by whey protein than wheat protein. Interestingly, 10% wheat protein stimulated phosphorylation of 4E-BP1 and S6K above baseline values despite the lack of increase of plasma Leu. This may be attributed to the rise in plasma insulin in the 10% wheat group, which is also known to activate the mTOR pathway but to a reduced level in the absence of Leu (19) .
A second factor that may contribute to differences in the postprandial rise in plasma amino acids is the rate of gastric emptying and peptide digestion and absorption (21) . Whey proteins, which are highly soluble, empty rapidly from the stomach compared with casein (21); thus, it is possible that whey and wheat proteins may empty at different rates, which could have affected postprandial plasma Leu, MPS, and mTOR signaling responses. However, research from Bos et al. (21) demonstrated that plasma amino acids peak at ;60 min postprandially in humans, which is similar to the reported amino acid peak for whey protein in humans (22) . This is consistent with the postprandial plasma Leu concentrations that are in proportion to the actual Leu content of each protein.
The time course of stimulation of MPS after a meal and the refractory nature of the anabolic response at 3 h provokes the question as to whether a second stimulation can be achieved with a new meal. Along these lines, these data suggest that the meal distribution of protein throughout the day is an important factor to consider in future experiments. Current dietary guidelines for protein do not mention distribution of intake throughout the day. Data from de Castro (23) indicate that Americans consume over 65% of their daily protein after 1830 h. It is unlikely that they reach a threshold of protein intake necessary to stimulate MPS at meals before 1830. Research from Arnal et al. (24) also supports the importance of a protein threshold at meals. Furthermore, if the anabolic response to a high-protein meal lasts only 3 h, then it is likely that a large portion of the day is spent in a catabolic state. This suggests that optimum protein intakes for adults require proteins rich in Leu to be provided in multiple meals throughout the day.
In summary, these data suggest that the Leu content of various protein sources is an important indicator of protein quality as it relates to acute stimulation of MPS. These data also provide further evidence that a specific threshold of Leu intake is needed to initiate mRNA translation and MPS and that low intake of some protein sources may not reach this threshold. Additionally, these data lead us to propose that the distribution of protein and specifically Leu intake throughout the day is an important factor to optimize the muscle anabolic response to each meal.
